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ABSTRACT  
In context of numerical weather prediction (NWP), increased usage of satellites radiance observations 
from passive microwave sensors have brought significant improvements in the forecast skills. In the 
infrared spectral region, hyperspectral sounder instruments such as IASI have already benefitted the NWP 
assimilation systems, but they are useful only under clear sky conditions. Currently, microwave 
instruments are providing wealth of information on clouds, precipitation and surface etc., but only with 
limited number of channels. Furthermore, due to limited number of channels and with poor signal-to-noise 
ratio, existing passive microwave sensors have very poor resolution and accuracy.  
We are currently developing a new microwave instrument concept, based on superconducting filterbank 
spectrometers, which will enable high spectral resolution observations of atmospheric temperature and 
humidity profiles across the microwave/sub-millimeter wavelength region with photon-noise-limited 
sensitivity. This study aims at investigating the information content on temperature and water-vapour that 
could be provided by such a hyperspectral microwave instrument under clear sky-conditions. Here, we 
present a new concept of Transition Edge Sensors (TESs)-based hyperspectral microwave instrument for 
atmospheric sounding applications. In this study, for assessing the impact of hyperspectral sampling in 
microwave spectral region in clear sky-conditions, we have estimated the information content as standard 
figure of merit called as degrees of freedom for signal (DFS). The DFS for a set of temperature and 
humidity sounding channels (50-60 GHz, 118GHz and 183 GHz) have been analyzed under the linear 
optimal estimation theory framework. 
Keywords: Hyper-spectral Microwave, Atmospheric sounders, Information content, Temperature, Water-
vapour, Transition-edge Sensors 
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1. INTRODUCTION 
 
Satellite observations are one of the most important sources of atmospheric information to numerical 
weather prediction (NWP) systems. In the past decades, there has been a significant increase in assimilation 
of satellite data, both from infrared and microwave sensors, to NWP models, which has brought noticeable 
improvements in weather forecast skills. Many Atmospheric Observing System Simulation Experiments 
(OSSEs) and Forecast Sensitivity of Observation (FSO) experiments have shown the positive impact of 
satellite data on the NWP assimilation systems [1–3]. These sensitivity experiments have also revealed 
that instruments such as the Advanced Microwave Sounding Unit-A (AMSU-A) and the Infrared 
Atmospheric Sounding Interferometer (IASI) are the major instruments, which have significantly 
contributed in the reduction of forecast errors for the temperature soundings [1], [4–7]. In the Infrared (IR) 
spectral region, hyperspectral sounders such as the Atmospheric Infrared Sounder (AIRS) (2378 channels), 
Cross-Track Infrared Souder (CrIS) (1305 channels) and the Infrared Atmospheric Sounding 
Interferometer (IASI) (8461 channels) provides high-quality and high-resolution data on temperature, 
humidity and other trace gases. The data from these instruments are already currently benefiting the NWP 
assimilation systems. But these sensors can provide useful data only under clear-sky conditions as infrared 
data is greatly affected by the presence of clouds. Microwave sensors have the advantage of sensing within 
and penetrating the clouds and therefore they can provide useful information even in the presence of 
clouds. Currently, existing passive microwave sensors such as Advanced Microwave Sounding Unit-A 
(AMSU-A), Advanced Microwave Sounding Unit-B (AMSU-B), Advanced Technology Microwave 
Sounder (ATMS), Microwave Humidity Sounder (MHS) and Special Sensor Microwave – 
Imager/Sounder (SSMI/S) are providing valuable information on atmosphere, surface, the hydrometeors 
(rain, ice, etc.). But, vertical resolution is very poor, as all of these microwave instruments provide 
observations with very limited number of sounding channels (ranges from 5 to 30 channels) [8]. The 
radiometric noise of these microwave instruments is also a limitation on their sounding performance.  
With recent technological advancements, we are now investigating a microwave radiometer with a 
significantly increased number of very low noise channels. The instrument concept is a new hyperspectral 
microwave instrument, enabled by TES-based on-chip superconducting filterbank spectrometers [9]. This 
technology should allow the incoming signal to be split into up to 1,000 narrow-band spectral channels. 
This new solution will allow full access to the 50-60 GHz atmospheric oxygen lines, which are critical for 
high-quality atmospheric temperature retrievals, with the potential for continuous spectral coverage up to 
~1THz. This will enable a new generation of high-accuracy and high-resolution temperature and humidity 
sounding instruments, to improve the NWP weather forecasting skill.  
Optimal design of such an instrument includes consideration of various factors such as: instrument noise, 
channel optimization (channel frequencies, bandwidth and spectral resolution), scanning geometrical 
parameters (coverage, integration time) and radiometer receiver design etc. In order to perform such 
optimization studies, we require an evaluation of the impact of instrument parameters on the retrieval 
capability. The work presented here aims at analyzing the information content (of temperature and water 
vapour) that could be provided by this new-advanced TES-based hyperspectral microwave instrument. We 
present some of our initial results of information content analysis for such an instrument.  
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2. TECHNOLOGY DEVELOPMENTS FOR ENABLING HYPERSPECTRAL 
MICROWAVE ATMSOPHERIC SOUNDING INSTRUMENT  
 
2.1 Satellite Atmospheric Microwave Sounding Instruments 
 
Currently, microwave sounders are providing large amount of useful information on temperature, 
humidity, clouds, surface and hydrometeors (rain, ice etc.). Some of the important current microwave 
instruments are: AMSU-A (AMSU-B), ATMS and SSMI/S. All these instruments have relatively large 
radiometric noise and poor vertical resolution (because of limited number of channels ranges from 5 to 30) 
[8]. Even some of the future planned MetOp-SG microwave instruments such as: Microwave Sounder 
(MWS), Microwave Imager (MWI) [10] and Ice Cloud Imager (ICI) [11] will contain 10 to 25 channels. 
A very high-spectral resolution instrument with low noise channels in the microwave spectral region is 
technologically challenging. But, due to recent technological advancements, it is now feasible to design 
and build such an instrument. In the next section, some of the recent advancements have been discussed.   
 
2.2 TES-based Superconducting Filterbank Spectrometer Technology for Hyperspectral 
Microwave Instrument 
 
We are currently developing a new chip filterbank spectrometer technology based on transition edge 
sensors (TESs) [12–15]. Such a filter bank spectrometer has been proposed as a core enabling technology 
for a future hyperspectral microwave instrument for atmospheric remote sensing applications. No other 
group has adopted this approach. The TES’s are well proven technology in many areas of observational 
astrophysics due to their reliability, low-noise and high-dynamic range.  
Filterbank spectrometer based on Kinetic Inductance Detectors (KIDs) [16–18] are being developed in the 
DESHIMA [19] and SuperSpec [20] projects. It may be possible to adapt KID instruments to 
make atmospheric spectrometers, but they have certain shortcomings and difficulties. The TES-based 
technology has several advantages over KIDs such as: it’s ability to work at longer wavelengths, high 
saturation power and ease of matching the transmission lines to the detectors. 
 
Our filterbank spectrometer will employ an array of TES superconducting detectors to sense the power in 
each spectral bin. This technology will enable the operation in the very important 50-60 GHz O2 
temperature sounding band, which is of critical importance to NWP. We aim to demonstrate, in the very 
near future, devices that can employ a large number of spectral channels, with spectral resolutions (ν/Δν) 
up to ~1,000, with photon-noise-limited sensitivity in each channel. 
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3. METHODOLOGY 
The methodology adopted for assessing the information content of atmospheric variables (temperature and 
humidity) from satellite microwave observations is mainly based on Optimal estimation theory (OE) [21]. 
Much of the theoretical background of the Optimal estimation method (OE) can be found in detail in 
Rodgers (2000) [21]. This theory has been used in many other information content studies [22–24]. In this 
section, the Bayesian framework of atmospheric inverse problems and the formulation used for the 
information content analysis will be described. We have used the standard NWP data assimilation notations 
[25] to describe the mathematical formulations of inverse problem and information content analysis. 
3.1 Linear Optimal Estimation Theory and Bayes Theorem  
 
Estimation of state of the atmosphere from indirect satellite measurements is an ill-posed inverse problem. 
For setting up this inverse problem mathematically, we have denoted the unknown state of the atmosphere 
(here atmospheric temperature and humidity profiles to be retrieved) as vector 𝒙 and the hyperspectral 
satellite observations from a microwave radiometer as vector 𝒚. The physics of the satellite measurement 
process of atmospheric state parameters (temperature and humidity) links the state vector 𝒙 and the 
measurement vector 𝒚, and this process will be described by a forward model. Mathematically, the forward 
model with some error in the measurement process is given by the equation (1) as: 
                                                                     𝒚 = 𝐻 𝒙 + 𝝐                                                                 (1)                                    
Where, 𝐻 is the observation operator or forward model operator which can be linear or non-linear. The 
observation operator is basically our understanding of physics involved in the satellite measurement 
process (in this case, it will comprise of our knowledge of atmospheric radiative transfer, and molecular 
spectroscopic parameters etc.), and 𝝐 is the measurement error (for e.g. errors in the radiative transfer, 
calibration errors, instrument noise and errors in the molecular spectroscopic parameters measurements 
etc.). In order to get the atmospheric parameters of interests, a reverse operation on the forward model 
equation (1) has to be performed, and this task is called as the Inverse problem. A very useful approach to 
this kind of atmospheric inverse problems is Bayesian approach. In this approach, the process of satellite 
measurement of atmospheric state vectors will be described by the probability distribution functions 
(PDFs) in the framework of Bayes’ theorem as: 
𝑝 𝒙 𝒚 = 𝑝 𝒚 𝒙 	𝑝 𝒙𝑝 𝒚 																																																																		(2) 
Where, 𝑝 𝒙 𝒚 	is the posterior distribution of the state of atmosphere 𝒙, given the observation 𝒚, 𝑝 𝒚 𝒙  
is the probability of the observations 𝒚 given 𝒙, 𝑝 𝒙  and	𝑝(𝒚) are the a-priori probabilities of 𝒙 and 𝒚 
respectively, while 𝑝(𝒚) is often treated as normalization factor and it is independent of 𝒙. Assuming linear 
observation operator 𝐻 and Guassianity of the probability distribution functions (PDFs), the posterior PDF 𝑝(𝒙|𝒚) is determined by the multiplication of likelihood PDF of observations 𝑝(𝒚|𝒙) and an a priori PDF 𝑝(𝒙) of atmospheric state estimate 𝒙-. In multi-variate case, the formulation of posterior PDF 𝑝(𝒙|𝒚) will 
also involves the error covariance matrices of the background state, 𝑩, and the measurement errors (that 
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can originate from observations and modelling), which is equal to 𝑹 = 𝑬 + 𝑭, where 𝑹 is the observation-
error covariance matrix, 𝑬 is the Instrument noise and 𝑭 is the representativity errors. The posterior PDF 𝑝(𝒙|𝒚) is given by the equation (3) as:  𝑝 𝒙 𝒚 = 𝑒𝑥𝑝	[− 67 𝒚 − 𝐻 𝒙 8𝑹96 𝒚 − 𝐻 𝒙 − 67 𝒙 − 𝒙𝒃 8𝑩96 𝒙 − 𝒙𝒃 ]            (3) 
In the linear case, the optimal analysis state 𝒙< can be derived as the mathematical expression given in 
the equation (4): 𝒙< = 𝒙- + 𝑨𝑯𝑻𝑹9𝟏{𝒚 − 𝐻 𝒙- }                                                  (4) 
and the posterior error covariance matrix 𝑨 (which is often termed as analysis-error covariance matrix) 
is given by the following equation (5):  𝑨 = (𝑩96 + 𝑯8𝑹96𝑯)96                                                            (5) 
Where 𝑯 is the Jacobian matrix, which contains the first-order derivatives of each measurement with 
respect to each element of the state vector 𝒙, 𝑹, is the observation error-covariance matrix which comprises 
of different types of errors such as: radiative transfer errors, instrument noise, representativity errors etc. 
But in this study, only instrument noise has been taken into account as a description of 𝑹 matrix. The OE 
approach combines the background information (represented by the background error-covariance matrix 𝑩) with the satellite radiance measurements error information (represented by the observation error-
covariance matrix 𝑹) to estimate the analysis 𝑨. These three important components of information content 
analysis: background error-covariance matrix 𝑩, Observation error-covariance matrix 𝑹 and Jacobian 
matrix 𝑯 has been described in detail in the section 5.  
3.2 Information Content 
The information content of satellite measurements can be estimated by comparing background (a-priori 
errors) with the analysis errors. The comparison between background errors and analysis errors provides 
an understanding of extent of information that can be induced by the satellite measurements as compared 
to the background information. Quantitatively, the information content can be provided by the metric 
called as the Degrees of Freedom for Signal (DFS) [21].The DFS is a standard scalar metric widely used 
in the NWP community as a measure of information content of satellite radiances [26-29]. It has also been 
used in many other previous information content and channel selection studies [22], [23], [26], [27], [30]. 
It can be mathematically expressed as given in the equation (6): 𝐷𝐹𝑆 = 𝑑G = 𝑡𝑟(𝑰 − 𝑨𝑩96)                                                          (6) 
Where,	𝑑G is the degrees of freedom for signal and 𝑡𝑟 stands for the Trace of the matrix, which is equivalent 
to the sum of the elements on the main diagonal of the matrix.  
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4. MODELS AND DATA  
4.1 Atmospheric Profiles 
A set of eight atmospheric profiles have been used in this study, which represents the state of the 
atmosphere in terms of profiles of temperature, water vapour and trace gases etc. Seven of these profiles 
(Profile 2 to 8) have been extracted directly from the Met Office Unified Model (UM) in March 2012 and 
Profile 1 is the US standard atmosphere. The profiles are on 70 model levels from a range of different 
longitudes and latitudes.  
 
4.2 Radiative Transfer Model  
For calculating the sensitivity of frequencies towards atmospheric variables of temperature and water 
vapour (which are also called as the Jacobians), a radiative transfer model is required. For each atmospheric 
profile, these Jacobians have been calculated using a model called as the Havemann-Taylor Fast Radiative 
Transfer Code (HT-FRTC) [31]. This radiative transfer model is designed to simulate the radiation from 
microwave to ultraviolet spectral range. It is a principal component (PC) based model and it can cover the 
whole electromagnetic spectrum represented by their principal components. Various functionalities of this 
model have been fully described in [31]. The model can be used in either in fast or in line-by-line (LBL) 
mode. But, for this study, line-by-line mode of the HT-FRTC has been used and it has been denoted as 
line-HT-FRTC. The line-HT-FRTC model takes account of satellite instrument parameters (such as: 
channels frequencies, bandwidth and spectral resolution) by the use of a sensor-specific file, which makes 
it highly flexible and appropriate for investigation of future planned meteorological satellite instruments 
or newly proposed mission concepts. The line-HT-FRTC has been used to calculate the analytic Jacobians 
for temperature and humidity. The HT-FRTC model has been used in several other airborne and space-
borne remote sensing studies (recently, it has been used for investigating a new high-resolution infrared 
instrument, Laser Heterodyne Radiometer (LHR) for numerical weather prediction application 
applications [24]. The line-HT-FRTC model has also been compared and validated with other radiative 
transfer models [32]. 
5. COMPONENTS OF INFORMATION CONTENT ANALYSIS 
In this section, we have described the important components which is required to perform the information 
content analysis. As mentioned earlier in the section, we have used the standard NWP notation [25] to 
describe the components of information analysis in matrix notations. This will include the description of 
background error-covariance matrix 𝑩, observation error-covariance matrix 𝑹, Jacobian matrix 𝑯 and 
analysis error-covariance matrix 𝑨. The mathematical relationship between these three components has 
been described in the equation (5). 
 
5.1 Background error-covariance matrices 𝑩 
 
Bayes’ theorem based OE method requires the knowledge of the a priori information of the atmosphere, 
which is needed for the calculation of the information content (as can be seen from the equation (2) and 
(6)). The a priori information mainly comes from the short numerical forecast, also called as the 
background state 𝒙𝒃. The background state 𝒙𝒃 has to be known together with its associated errors, also 
called as background errors, which are represented by the background error-covariance matrices 𝑩. The 𝑩 matrix is complex in structure and it is the combination of background error standard deviation and 
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vertical error correlations. It is an important component of the analysis as the information content will be 
calculated with respect to the background information [23-33]. As this study is mainly focused on 
temperature and water vapour measurements, the 𝑩 matrix used here only comprises of temperature (𝑇) 
and humidity (𝑞) errors. The structure of background error covariance matrix of temperature and humidity 
are shown in Figure 1. 
The 𝑩 matrix used in this study is a 1D-representation of the 4D-Var error covariance matrix in operational 
use at the Met Office in March 2012. These 1D Var matrices were derived from the operational Met Office 
4D-Var error covariance model. The same 𝑩 matrix has been used in other information content and 
sensitivity studies for e.g. in Smith (2015) [34] and in Eyre and Hilton (2013) [35]. More mathematical 
details about this 𝑩 matrix can be found in Eyre and Hilton (2013) [35]. 
5.2 Jacobian Matrix 𝑯 
Another important component of an information content analysis is the Jacobian matrix 𝑯. The Jacobians 
are the sensitivity of the brightness temperature with respect to the change in the quantity of the 
atmospheric variables of interest. The Jacobians for temperature and water vapour has been calculated 
analytically by using line-HT-FRTC model. These temperature and humidity Jacobians forms the elements 
of the 𝑯 matrix, which can be mathematically represented as 𝜕𝑇- 𝜕𝑇N (where 𝑇- is the brightness 
temperature and 𝑇N is the temperature in 𝐾 at level 𝑖) and as 𝜕𝑇- 𝜕𝑞N (where 𝑞N is the humidity at level 𝑖) 
respectively. 
 
  
Figure 1: Background error-covariance matrices (in left, for temperature (T) and in right, for humidity (q)), which is used in this 
information content study 
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6. EXPERIMENTAL FRAMEWORK: ANALYSIS OF SENSITIVITY OF INFORMATION 
CONTENT  
In this section, a framework is designed to perform the experiments to test the sensitivity of information 
content towards various factors. The components, background error covariance matrix 𝑩, Observation 
error covariance matrix 𝑹 and Jacobian matrix 𝑯	have been systematically combined to analyze the 
information content on temperature and water vapour. Firstly, a set of candidate channels (and frequency 
range) have been selected initially for performing the sensitivity experiments (the selection of channels 
and sensitivity experiments has been discussed in detail in the following sections 6.1, 6.2 and 6.3). Some 
of our initial results of the information content analysis (with focus on two important factors of spectral 
resolution and instrument noise) have been discussed and presented here in the following subsequent 
sections. 
 
6.1 Absorption bands and Candidate channel frequencies 
The microwave absorption spectrum is relatively less complex as compared to the IR spectrum, as there 
are only few spectral features that absorbs in microwave spectral region. Atmospheric gases such as, 
oxygen (O2) and water vapour (H2O) strongly absorbs in the microwave spectrum. Most of these O2 and 
H2O absorption lines in this region are isolated. In NWP context, the O2 and H2O absorption bands are 
important for their application in the retrievals of temperature and humidity. Hyper-spectral sampling in 
IR (as in IASI instrument) strongly bring improvements in the retrievals. On the similar line, to analyze 
the potential performance of hyperspectral satellite microwave measurements in the 50-200 GHz 
frequency range, we have selected a set of candidate frequency bands in this range (indicated in Table 1). 
The frequency bands have been selected based on the application of the O2 (for temperature sounding) and 
H2O (for humidity sounding) absorption bands.  
O2 bands in 50-60 GHz and in 118 GHz have been extensively used by many current passive microwave 
sensors for temperature information (such as AMSU-A, ATMS and SSMI/S)) and H2O 183 GHz 
absorption band for humidity information (such as AMSU-B, Microwave Humidity Sounder (MHS)). For 
this study, we have mainly focused our analysis initially around 50-60, 118 GHz O2 band (for T-sounding) 
and around 183 GHz band (for q-sounding). An overview of three frequency bands considered in this study 
are represented in the Table 1. The channels in each spectral range has been distributed according to their 
uniform bandwidths (BW). The distribution of spectral channels follows the equation: 𝑓N = 𝑓RNS +𝑖 − 1 𝑑, Where, 𝑓RNS = Starting minimum frequency (in each frequency range), 𝑑= channel spacing, and 
is given by, 𝑑 = (𝑓R<U − 𝑓RNS)/(𝑛 − 1), 𝑛 = number of channels.  
 
Different instrument configurations have been presented in the Table 1 for conducting the information 
content sensitivity experiments. A spectral resolution (with N1 number of channels) has been assumed 
initially as “low spectral resolution”. A multiplication factor of 2 is applied to increase the spectral 
resolution as “high-spectral resolution” (with N2 number of channels).  Specifically, for investigating the 
impact of instrument noise, we have designed two instrument configurations based on the types of 
radiometer technologies. Two different types of technologies are considered - Heterodyne radiometer 
receiver based system and superconducting transition edge sensor based radiometer receiver system. The 
instrument noise figures for these two different types of microwave radiometer technology has been 
calculated and represented in the Table 1 as “INTES”, for superconducting TES-based radiometer receiver 
system (low instrument noise system) and as “INHET” for the heterodyne radiometer receiver (relatively 
high instrument noise systems). 
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Table 1: Frequency bands selected for analyzing the performance of hyperspectral measurements of temperature (T) and 
humidity (q). “R1” indicates the low spectral resolution and “R2”, indicates high-spectral resolution. Channel 
configurations with two noise characteristics for investigating the effect of instrument noise on information content of 
temperature and water vapour. The range of instrument noise (estimated for TES-based radiometer receivers) is given for 
all the channels present in that frequency band. 
Frequency 
Band 
Name 
Frequency 
Range (in 
GHz) 
Bandwidth 
(BW) 
(MHz) 
Number of sounding 
channels 
Estimated Instrument 
Noise (mK)- based on 
technology 𝒇𝒎𝒊𝒏 𝒇𝒎𝒂𝒙 Resolution 
(R1) 
N1 
Resolution 
(R2) 
N2 
 
(INHET) 
Heterodyne 
receiver-
based 
systems 
(mK) - 
(INTES) 
TES-based 
radiometer 
receiver 
system 
noise range 
(mK)  
O2 50-60 
GHz Band  
50.3 57.8  
100 
50 100 400 2.01 - 2.21 
60.7 67.9 50 100 400  2.21 - 2.34 
O2 118 
band GHz 
113.7 123.7 200 51 102 420  2.14 - 2.23 
H2O 183 
GHz 
173.3 193.3  400 51 102 400 1.81 – 1.96 
N1t= 202 N2t= 404  
 
 
6.2 Sensitivity Study 1: Effect of high-spectral resolution on the Jacobians  
In this section, we have conducted a sensitivity study to examine the effect of the high-spectral 
resolution on the Jacobians. We aim here to analyze the density and spread of the Jacobians in the 
levels of the atmosphere (which can give us an idea about the distribution of the information content). 
We have assumed two spectral resolutions, one with lower number of channels (low-spectral 
resolution), N1 and the other with higher number of channels N2 (high spectral resolution), where	N2 
= 2N1. The channel frequencies, their distribution and the bandwidth (BW) corresponds to N1 and N2, 
can be seen in the Table 1. We have calculated the Jacobians for these two spectral resolutions using 
line-HT-FRTC model: low spectral resolution R1 (with N1 = 202 channels) and for high spectral 
resolutions R2 (with N2 = 404 channels). Temperature Jacobians for the spectral resolutions R1 and R2 
are represented in the Figure 2. 
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The effect of increase in number of channel can be seen on the density and vertical spread of Jacobians 
in the Figure 2. High-spectral resolution significantly increases the sampling. It can been seen from 
the Figure 2, that there are some high-peaking Jacobians that are sounding in the upper part of 
atmosphere, due to increase in number of channels. High-spectral resolution is able to capture 
relatively more information from the upper part of the atmosphere, which is not possible with low-
spectral resolution. Figure 2, also indicates that, the density of Jacobians increases significantly in 
almost every level of atmosphere, and this can be attributed to the increase in number of channels.  
 
6.3 Sensitivity Study 2:  Effect of low instrument noise  
The instrument noise appears in the form of Instrument noise error covariance matrix 𝑹 in the analysis 
error covariance matrix equation (5), and hence it is an important factor in the calculation of information 
content (as can be seen in the equation (6)). It’s therefore important to test the sensitivity of the information 
content towards the instrument noise assumptions. In this second sensitivity experiment, we have studied 
the effect of instrument noise on the information content (of temperature and water vapour) and on the 
retrieval error reduction. Microwave instruments such as the AMSU-A, SSMI/S and ATMS, have 
relatively large radiometric noise across all the channels that roughly ranges from 0.2-3.0 K. This poses a 
limitation on the sounding performance of these instruments. But, with, the TES-based filterbank 
spectrometer technology, extremely low instrument noise can be achieved for a microwave radiometer 
with wide spectral range and high number of channels. Two instrument configurations (having same set 
and N1 number of channels) but with different noise properties and values (as given in Table 1 for 
Heterodyne-based radiometer and TES-based radiometer) has been compared, and the results are 
represented in terms of retrieval error reduction (as shown in Figure 3) and information content (calculated 
as DFS, as shown in Figure 4). Figure 3 represents the retrieval errors (for T and q) estimated for the 
Heterodyne-based and TES-based radiometers (corresponding noise figures are given in the Table 1). It 
Figure 2: Temperature Jacobians for two spectral resolutions – in left, low spectral resolution (with N1=202 channels) 
and in right, for high-spectral resolution (with N2=404 Channels) 
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can be seen from the Figure 3, that the retrieval errors have been significantly reduced in case TES-based 
radiometer system as compared to the Heterodyne radiometer system. 
 
Similar results have been obtained in terms of information content (which is calculated as Average DFS 
over all 8 atmospheric profiles). Figure 4 shows the information content (as average DFS) for  
 
 
Figure 4: Estimation of information content: Comparison of the information content (calculated as DFS) on temperature 
and humidity provided by a Heterodyne and a TES-based radiometer receiver system for particular set of channel 
configuration denoted as N1 with different noise properties (as given in the Table 1). 
      
Figure 3: Effect of the instrument noise on retrieval error statistics of (A) Temperature and (B) Water vapour, as compare 
to the a-priori (or background information). The plots are represented for two instruments (with different noise properties 
as represented in the Table 1)- Heterodyne radiometer reciever (blue line) and TES-based radiometer reciever (orange 
line) 
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two hyperspectral instrument configurations (Heterodyne and TES-based instrument). Figure 4 clearly 
shows that the information content provided by a TES-based radiometer is significantly larger than that by 
a Heterodyne-based radiometer, which can be mainly attributed due to the low instrument noise (possible 
by TES-based filterbank spectrometer technology). 
 
7. DISCUSSIONS AND CONCLUSIONS  
In this article, we have presented the recent technological advancements that can realize a microwave 
radiometer with significantly increased number of low-noise channels. This new hyperspectral microwave 
instrument will be enabled by the use of transition edge sensors (TESs) based on-chip superconducting 
filterbank spectrometers. The advantages of this new state-of-the-art technology such as: extremely low 
instrument noise and flexibility in increasing in number of channels, makes it attractive and worth 
investigating for earth observation applications. For demonstrating the benefits of the TES-based 
superconducting filterbank spectrometer technology in atmospheric remote sensing applications, we have 
conducted an information content study. The objective of this study was to analyze the information content 
on temperature and water vapour and to investigate the reduction in retrieval errors that could be provided 
by this new TES-based hyperspectral microwave atmospheric sounding instrument. An information 
content analysis framework has been developed to study the effect of high-spectral resolution and 
instrument noise on the information content and retrieval error reduction. The framework of information 
content analysis involves various inputs (Jacobians (simulations performed on a set of atmospheric profiles 
by the use of a line-HT-FRTC model), Background information and Instrument noise).  
 
We have specifically conducted two experiments to analyze the sensitivity of information content towards 
spectral resolution and instrument noise. In that context, we have presented some of our initial results of 
these information content sensitivity experiments. The results shows that high-spectral resolution can 
sample the atmosphere well and capable of extracting small detail information (which is not possible with 
low-spectral resolution). It also indicates that, the denser sampling along the microwave absorption lines 
could reduce the retrieval errors of temperature and humidity. From our second experiment, we have 
analyzed the effect of instrument noise by comparing two instrument configurations (Heterodyne and TES-
based radiometer receiver) with same set of channels, but with different instrument noise figures. The 
results show us that an increase in information content is possible by achieving low instrument noise (using 
low noise property of a TES-based radiometer systems). Similar results have been obtained in terms of 
retrieval errors (of temperature and humidity) reduction.  
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